Alternative and renewable bio-based energy sources are gaining prominence worldwide. Sweet sorghum is currently being evaluated throughout the world because its stem juices are rich in sugars that can be directly fermented to ethanol. In this two-year study, sweet sorghum varieties; Dale, Theis, Topper 76-6, and M81E (Obtained from Mississippi State University Experiment Station, MS) and CHR-SW8 (Obtained from Chromatin Inc., IL) were used. Nitrogen (N) fertilizer rates of 0, 40, 80 or 120 kg•N•ha −1 were applied to experimental units. The experiment was a randomized complete block design with treatments in a split-split plot arrangement with three replications. Nitrogen rate was the main plot, cultivar as sub-plot, and panicle removal as sub-plot. Results showed that N application increased fresh stem yield, juice volume, but had minimal effect on juice soluble sugar concentration. Compared to controls, application of ≥40 kg•N•ha −1 increased fresh yield and juice by >60% and 10%, respectively. There were also variety differences in harvested fresh biomass, juice volume and ˚Brix, and soluble sugar content. Dale and Theis consistently showed lower sucrose compared to other varieties over the two years. Panicle removal during early reproductive phase increased ˚Brix, sucrose and total sugar content in all varieties. Across the two years of study, panicle removal increased ˚Brix by more than 10%, sucrose and total sugar increased by more than 20%. Selection of varieties that produce high juice volume with high sugar content and strategies to inhibit seed formation may result in improved juice quality.
Introduction
Throughout the world, there is increasing attention to bio-based renewables as alternatives to fossil-based energy sources. Given the wide variety of crop with potential bioenergy use, there is a need for well researched scientific information on production of different bio-energy crops. Sorghum is a warm-season grass species that tolerates both high temperatures and moisture stress conditions. Its distinct morphological characteristics make it suitable for production in areas where other grass family crops like maize do poorly [1] . Sorghum's extensive root system allows a large volume of soil to be sampled for moistures and its small waxy leaves limit water loss through evapo-transpiration. Under low soil moisture, sorghum is reported to maintain physiological activity by increasing root length density and water-use efficiency [2] . Sweet sorghum whose stems contain high content of easily fermentable sugars [3] [4] [5] [6] is being evaluated, worldwide, as a source of sugar-rich juices for bio-ethanol production.
When compared to other grasses like switchgrass, big bluestem, and miscanthus, sweet sorghum produced the highest estimated biomass and ethanol yield [7] .
Sweet sorghum is also reported to produce 23% more fermentable sugars, requiring 37% less nitrogen (N) fertilizer, and 17% less irrigation water than maize [8] . It is also reported to produce more ethanol than maize during dry periods [9] . Unlike sugarcane, a crop with sugar-rich stems too, sweet sorghum is ready for harvest in a single season and gives better returns on unit area basis [6] [10] [11] . The concentration of sucrose and the dominant fermentable sugars in all sweet sorghum differ with varieties [8] [10] . Variety selection and field management approaches like de-heading affect stem sugar concentration [12] [13] .
These differences in juice sugar concentration and juice volume may be responsible for reported variation in ethanol yields among sweet sorghum cultivars [9] [12] [14] [15] . Acid hydrolysis of bagasse, a left-over product of juice extraction, releases more sugars for fermentation [16] . Bagasse can also be burned to provide heat and electrical energy [5] [17] .
Sweet sorghum has been grown extensively for syrup in the southeastern states in the United State of America [18] . While the crop can tolerate poorly drained soils, and yields are highest in well drained loam or sandy loam soils.
Studies in the southern states have reported sweet sorghum production for ethanol to be economically viable, and yields of between 3700 and 5600 L•ha −1 have been reported in Florida [19] . Fertilizer requirements depend on soil test fertility levels and preceding crop, but in well drained silt loam, 45 kg•ha −1 each of N, P 2 O 5 , and K 2 O is sufficient [18] . Other field management strategies affect sweet sorghum fresh biomass, juice yield and sugar content, and bagasse quantity and quality. A study on M81-E showed that both N fertilizer rate and soil types are important [20] . The wide genetic variability and varying responses to similar environmental and management conditions call for an evaluation of varieties to determine their productivity potential in given localities.
While such production incentives may exist, there is lack of recommendations and cropping guidelines for sweet sorghum due to insufficient research in the mid-Atlantic. There is need for a comprehensive study to determine the suitability of sweet sorghum cultivars to prevailing climatic and edaphic conditions. The objective of this study was to evaluate the effect of nitrogen fertilizer and beheading on biomass production, extractable juice, and juice sugar content of five sweet sorghum cultivars in mid-central Virginia. ).
Materials and Methods

Experimental Design and Treatment
Juice Extraction and Volume Measurement
Representative stems were selected for juice extraction, and separated into bottom, middle, and top sections. Each sub-section was processed independently for juice extraction and the extracted juice was collected in a jar and volume determined using a calibrated measuring cylinder. Juice was extracted using a stainless steel RAJA-SS sugarcane juice extracting machine (US Ice Machine ).
Juice Brix and Sugar Content Determination
Juice from each stem section was analyzed independently for brix and sugar content. After determining the volume of extracted juice, the juice brix was determined using a digital hand-held MASTER-20 alpha pocket refractometer (Atago, Tokyo, Japan) on a subsample drawn from the extract. Juice samples were analyzed for soluble sugar (Glucose, fructose, and sucrose) contents using HPLC method optimized by Johansen et al. [21] . Sugars in the extracts were identified by comparing their retention times with standard sugars. For quantification, trehalose was used as an internal standard and sugar concentration was expressed as a percentage of juice volume. The sum of these individual soluble sugars was considered as total fermentable soluble sugars, an approach previously used by other researchers [22] [23].
Data was analyzed using mixed (PROC MIXED) procedures in SAS 9.4 for windows (SAS Institute, Cary NC). Where necessary, data was transformed prior to analysis. Significance was determined at P ≤ 0.05. The PDIFF function of LSMEANS procedures was used to compare means.
Results
Effect of Variety and Nitrogen
Yield
In 2014, fresh stem yield differed with variety (P < 0.05) and was significantly affected by N rate (P < 0.0001) which showed a quadratic response effect on yield ( Table 2) , respectively. Nitrogen fer- total fresh biomass at harvest was around 7.5 % for Dale and Theis, it was above 9.5% in the other varieties. In 2015, biomass yield was significantly affected N fertilizer rate (P < 0.01) and variety (P < 0.01). Like in 2014, stem yield showed a quadratic response to N fertilizer application rate (Table 2) . The total biomass had similar trend to that of stem only, with N fertilizer at 120 kg•ha −1 producing greater yield than unfertilized crop. Unlike in 2014, stem and total biomass were significantly lower for Dale compared to CHR-SW8 (Table 3) . Like in 2014, proportion of leaf in Dale and Theis was low at below 8.5% while it was above 10% in all other varieties.
Juice Volume
In 2014, juice yield was affected by N rate application (P < 0.02) and differed with variety (P = 0.05). Juice volume increased linearly with N rate (Table 4) (Table 5 ). Theis and M81E produced the g/100 ml ( Table 4 ).
The fertilized crop produced juice with numerically lower ˚Brix values in 2015 and the effect of N application was not significant ( Table 5 ). The juice from non-fertilized crop had a higher ˚Brix value (14.3) while crops receiving some level of N fertilizer averaged at 13.1 (Table 5 ). Except for glucose that showed significant N effect with no particular trend, other sugars and total sugar showed no response to N fertilizer ( Values within a column with same letters are not significantly different at P = 0.05.
The Effect of
Effect on Glucose, Fructose and Sucrose Content
In 2014, variety and panicle removal affected the concentration of all simple sugars (data not shown), sucrose, and total sugar in the juice (Table 6 ). Sucrose and total sugar were greater in crops whose panicles were removed compared to those with panicles. Topper, M81E, and CHR-SW8 had similar sucrose content averaged at 63.0 g In 2015, simple sugars (data not shown), sucrose and total sugar content were significantly affected by the interaction between variety and panicle removal (Table 6 ). While all varieties showed an increase in juice sucrose and total sugar content with panicle removal, the percentage increase differed with variety. Plants with panicles, were greatest sucrose content (54. 
Discussion
Yield obtained for all the varieties studied were within margins of those reported by other researchers [24] [25] [26] . The observed varietal difference in fresh biomass may be a result of genetic differences and resource use efficiency that was not determined in this study. Nitrogen fertilized crop produced more yield than the control during both production years. However, the major increased was with the first increment of 40 kg•N•ha −1 , a result similar to that previously reported [20] [22] . Though there was yield increased up to 80 kg•N•ha −1 , the decrease in additional yield per unit of N may be attributed to diminishing returns. Residual soil N and mineralized N from organic matter and preceding crop history may affect N response [18] . The observed differences in N response magnitudes between the two years may be attributed to preceding crop effect, a maize crop (2014) and soybean (2015) .
The juice yield volume for M81E was comparable to those found in Mexico and India [27] [28] . It also compares well with those of six varieties and hybrids evaluated in Nebraska [29] . The respective increase and the relatively higher volume with N fertilizer in 2014 and 2015 are similar to those reported before [28] and may be a result of an increase in stem biomass. The low juice yield in Dale in 2015 may be due to observed low fresh stem biomass. The juice ˚Brix values were similar to those reported elsewhere [13] [22] . The positive response to N in sugar content in 2014 is in line with increase in water soluble sugars with N fertilizer reported earlier [30] . The relatively high quantitative values for soluble sugar in 2014 compared to 2015 may be due differences in rainfall amounts. The summer of 2014 was drier than 2015 (Table 1 ) and may have led to increased soluble sugar production as earlier reported for water stress sweet sorghum that produced 29% more hexose sugars than a well-watered crop [31] . Differences in sucrose levels among the varieties may be due to differences in the expression of the amylase enzyme, a possible scenario especially given that varieties with high sucrose had lower glucose content. Sucrose and total sugar were slightly lower than those reported by others [6] [27] [32] [33] .
The increase in ˚Brix with head removal observed is similar to previous reports [12] [13] . Despite previous studies showing that stem sugar accumulation post-anthesis is minimal [34] , increase in sucrose with panicle removal in this study is similar to other findings where a 13% increase in sugar occurred with head removal in M-81E [13] . Increase in ˚Brix and sugar content in stems with male sterility has also been reported [12] . These two studies show the potential benefit of pollen sterility and non-seed formation on sugar concentration in the stem. Manipulation of the plant like removal of panicle is reported to alter nutrient partitioning and relocation in plants [35] because developing seeds are sinks for photosynthates during the grain filling phase [36] . In fact, the resultant grain starch from soluble sugars that reach the seed can be as high as 200 to 555 g•kg −1 of grain weight [37] . Therefore, panicle removal at seeding phase as done in this study allowed sugars to be redirected to the stems and most likely responsible for the greater juice sugar content obtained.
Conclusion
In conclusion, the tested varieties showed good potential for production in the mid-Atlantic. Nitrogen fertilizer increased fresh biomass and juice yield while panicle removal increased sugar concentration in extracted juice. Beside these management strategies, selecting varieties that are shorter and which anchored firmly on to the soil and with low susceptibility to stalk borer may help reduce lodging associated biomass losses. While greater volume may compensate low sugar concentration, extraction of the additional juice increases the costs. Therefore, future research should target varieties with inherently high sugar content for improvement and subsequent recommendation to producers.
